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Regulation of gene expression is considered a plausible mechanism of drug addiction given the stability of behavioral abnormal-
ities that define an addicted state. Numerous transcription factors, proteins that bind to regulatory regions of specific genes 
and thereby control levels of their expression, have been implicated in the addiction process over the past decade or two. 
Here we review the growing evidence for the role played by several prominent transcription factors, including a Fos family 
protein (ΔFosB), cAMP response element binding protein (CREB), and nuclear factor kappa B (NFκB), among several others, 
in drug addiction. As will be seen, each factor displays very different regulation by drugs of abuse within the brain's reward 
circuitry, and in turn mediates distinct aspects of the addiction phenotype. Current efforts are geared toward understanding 
the range of target genes through which these transcription factors produce their functional effects and the underlying molecular 
mechanisms involved. This work promises to reveal fundamentally new insight into the molecular basis of addiction, which will 
contribute to improved diagnostic tests and therapeutics for addictive disorders. 
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INTRODUCTION

The study of transcriptional mechanisms of addiction is 
based on the hypothesis that regulation of gene expression 
is one important mechanism by which chronic exposure to 
a drug of abuse causes long-lasting changes in the brain 
that underlie the behavioral abnormalities that define a 
state of addiction.1,2) A corollary of this hypothesis is that 
changes induced in the functioning of several neuro-
transmitter systems, and in the morphology of certain neu-
ronal cell types in the brain, by chronic drug admin-
istration are mediated in part via changes in gene ex-
pression.

Of course, not all drug-induced neural and behavioral 
plasticity is mediated at the level of gene expression, as we 
know the crucial contributions of translational and post- 
translational modifications and protein trafficking in ad-
diction-related phenomena. On the other hand, regulation 
of gene expression is one central mechanism and likely to 
be particularly crucial for the life-long abnormalities that 

characterize addiction. Indeed, transcriptional regulation 
provides a template on top of which these other mecha-
nisms operate.

Work over the past ∼15 years has provided increasing 
evidence for a role of gene expression in drug addiction, as 
several transcription factors - proteins that bind to specific 
responses elements in the promoter regions of target genes 
and regulate those genes’ expression - have been implica-
ted in drug action. According to this scheme, shown in 
Fig. 1, drugs of abuse, via their initial actions at the syn-
apse, produce changes within neurons that signal to the 
nucleus and regulate the activity of numerous tran-
scription factors and many other types of transcriptional 
regulatory proteins.3) A These nuclear changes gradually 
and progressively build with repeated drug exposure and 
underlie stable changes in the expression of specific target 
genes which, in turn, contribute to the lasting changes in 
neural function that maintain a state of addiction.1,4)

This review focuses on several transcription factors, 
which have been shown to play important roles in 
addiction. We focus further on drug-regulated transcri-
ption factors within the brain’s reward circuitry, areas of 
brain that normally regulate an individual’s responses to 
natural rewards (e.g., food, sex, social interaction), but are 
corrupted by chronic drug exposure to cause addiction. 
This brain reward circuitry includes dopaminergic neu-
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Fig. 1. Transcriptional actions of 

drugs of abuse. Although drugs 

of abuse act initially on their 

immediate protein targets at the 

synapse, their long-term functio-

nal effects are mediated in part 

via regulation of downstream sig-

naling pathways which convert-

ge on the cell nucleus. Here, drug 

regulation of transfactors leads to 

the stable regulation of specific 

target genes and to the lasting 

behavioral abnormalities that ch-

aracterize addiction.

rons in the ventral tegmental area of the midbrain and the 
several regions of limbic forebrain they innervate, includ-
ing nucleus accumbens (ventral striatum), prefrontal cor-
tex, amygdala, and hippocampus, among others. As will 
be seen, the vast majority of research on transcriptional 
mechanisms of addiction to date has concentrated on the 
nucleus accumbens.

ΔFosB

ΔFosB is encoded by the FosB gene and shares homol-
ogy with other Fos family transcription factors, which in-
clude c-Fos, FosB, Fra1, and Fra2.5) These Fos family pro-
teins heterodimerize with Jun family proteins (c-Jun, 
JunB, or JunD) to form active activator protein-1 (AP1) 
transcription factors that bind to AP1 sites present in the 
promoters of certain genes to regulate their transcription. 
These Fos family proteins are induced rapidly and tran-
siently in specific brain regions after acute administration 
of many drugs of abuse (Fig. 2).2) These responses are 
seen most prominently in nucleus accumbens and dorsal 
striatum, but also seen in several other brain areas.6) All of 
these Fos family proteins, however, are highly unstable 
and return to basal levels within hours of drug admini-
stration.

Very different responses are seen after chronic admin-
istration of drugs of abuse (Fig. 2). Biochemically modi-
fied isoforms of ΔFosB (Mr 35-37 kD) accumulate within 
the same brain regions after repeated drug exposure, 

whereas all Fos family members show tolerance (that is, 
reduced induction compared with initial drug ex-
posures).7-9) Such accumulation of ΔFosB has been ob-
served for virtually all drugs of abuse, although different 
drugs differ somewhat in the relative degree of induction 
seen in nucleus accumbens core vs. shell, dorsal striatum, 
and other brain regions.2,6) At least for some drugs of abuse, 
induction of ΔFosB appears selective for the dynor-
phin-containing subset of medium spiny neurons - those 
that predominantly express D1 dopamine receptors - within 
striatal regions. The 35-37 kD isoforms of ΔFosB dimerize 
predominantly with JunD to form an active and long-last-
ing AP-1 complex within these brain regions,7,10) although 
there is some evidence from in vitro studies that ΔFosB 
may form homodimers.11) Drug induction of ΔFosB in 
the nucleus accumbens seems to be a response to the phar-
macological properties of the drug per se and not related to 
volitional drug intake, since animals that self-administer 
cocaine or receive yoked drug injections show equivalent 
induction of this transcription factor in this brain region.6) 
In contrast, ΔFosB induction in certain other regions, for 
example, orbitofrontal cortex, requires volitional drug 
administration.12)

The 35-37 kD ΔFosB isoforms accumulate with chro-
nic drug exposure due to their extraordinarily long half- 
lives.7-13) As a result of its stability, the ΔFosB protein 
persists in neurons for at least several weeks after cessa-
tion of drug exposure. We now know that this stability is 
due to two factors: 1) the absence in ΔFosB of two degron 
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Fig. 2. Distinct temporal properties of drug regulation of ΔFosB vs. CREB. (A) ΔFosB. The top graph shows several waves of Fos family proteins 

(comprised of c-Fos, FosB, ΔFosB [33 kD isoform], Fra1, Fra2) induced in nucleus accumbens by acute administration of a drug of abuse. 

Also induced are biochemically modified isoforms of ΔFosB (35-37 kD); they are induced at low levels by acute drug administration, but 

persist in brain for long periods due to their stability. The lower graph shows that with repeated (e.g., twice daily) drug administration, each 

acute stimulus induces a low level of the stable ΔFosB isoforms. This is indicated by the lower set of overlapping lines, which indicate 

ΔFosB induced by each acute stimulus. The result is a gradual increase in the total levels of ΔFosB with repeated stimuli during a course 

of chronic treatment. This is indicated by the increasing stepped line in the graph. (B) CREB. Activation of CRE transcriptional activity, 

mediated via phosphorylation and activation of CREB and possibly via the induction of certain ATFs, occurs rapidly and transiently in nucleus 

accumbens in response to acute drug administration. This “peak and trough” pattern of activation persists through chronic drug exposure, 

with CRE transcription levels reverting to normal within 1-2 days of drug withdrawal.

domains, which are present at the C-terminus of full 
length FosB and all other Fos family proteins and target 
those proteins to rapid degradation, and 2) the phosphor-
ylation of ΔFosB at its N-terminus by casein kinase 2 and 
perhaps other protein kinases.14-16) The stability of the ΔFosB 
isoforms provides a novel molecular mechanism by which 
drug-induced changes in gene expression can persist despite rel-
atively long periods of drug withdrawal. We have, therefore, pro-
posed that ΔFosB functions as a sustained “molecular switch” 
that helps initiate and then maintain an addicted state.1,2)

Role in Addiction
Insight into the role of ΔFosB in drug addiction has 

come largely from the study of bitransgenic mice in which 
ΔFosB can be induced selectively within the nucleus ac-
cumbens and dorsal striatum of adult animals.17) Impor-
tantly, these mice overexpress ΔFosB selectively in the 
dynorphin-containing medium spiny neurons, where the 
drugs are believed to induce the protein. ΔFosB-over-
expressing mice show augmented locomotor responses to 
cocaine after acute and chronic administration.17) They al-
so show enhanced sensitivity to the rewarding effects of 
cocaine and of morphine in place conditioning assays,17-19) 
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and self-administer lower doses of cocaine, and work 
harder for cocaine, than littermates that do not overexpress 
ΔFosB.20) Additionally, ΔFosB overexpression in nu-
cleus accumbens exaggerates the development of opiate 
physical dependence and promotes opiate analgesic 
tolerance.19) In contrast, ΔFosB expressing mice are nor-
mal in several other behavioral domains, including spatial 
learning as assessed in the Morris water maze.17) Specific 
targeting of ΔFosB overexpression to the nucleus accum-
bens, by use of viral-mediated gene transfer, has yielded 
equivalent data.19)

In contrast, targeting ΔFosB expression to the enke-
pahlin-containing medium spiny neurons in nucleus ac-
cumbens and dorsal striatum (those that predominantly ex-
press D2 dopamine receptors) in different lines of bitransgenic 
mice fail to show most of these behavioral phenotypes.19) In 
contrast to overexpression of ΔFosB, overexpression of a mu-
tant Jun protein (ΔcJun or ΔJunD) - which functions as a 
dominant negative antagonist of AP1 mediated transcription - 
by use of bitransgenic mice or viral-mediated gene transfer, 
produces the opposite behavioral effects.18,19,21) These data in-
dicate that induction of ΔFosB in dynorphin-containing 
medium spiny neurons of the nucleus accumbens in-
creases an animal’s sensitivity to cocaine and other drugs 
of abuse, and may represent a mechanism for relatively 
prolonged sensitization to the drugs.

The role played by ΔFosB induction in other brain re-
gions is less well understood. Recent studies have shown 
that ΔFosB induction in orbitofrontal cortex mediates 
tolerance to some of the cognitive-disrupting effects of 
acute cocaine exposure, which might serve to further pro-
mote drug intake.12,22)

ΔFosB Target Genes
Since ΔFosB is a transcription factor, it presumably 

produces this interesting behavioral phenotype in nucleus 
accumbens by enhancing or repressing expression of oth-
er genes. Using our inducible, bitransgenic mice that over-
express ΔFosB or its dominant negative ΔcJun, and ana-
lyzing gene expression on Affymetrix chips, we demon-
strated that - in the nucleus accumbens in vivo -ΔFosB 
functions primarily as a transcriptional activator, while it 
serves as a repressor for a smaller subset of genes.18) This 
study also demonstrated the dominant role of ΔFosB in 
mediating the genomic effects of cocaine: ΔFosB is im-
plicated in close to one-quarter of all genes influenced in 
nucleus accumbens by chronic cocaine.

This genome-wide approach, along with studies of sev-
eral candidate genes in parallel, have established several 

target genes of ΔFosB that contribute to its behavioral 
phenotype. One candidate gene is GluA2, an AMPA glu-
tamate receptor subunit, which is induced in nucleus ac-
cumbens by ΔFosB.17) Since GluA2-containing AMPA 
channels have a lower overall conductance compared to 
AMPA channels that do not contain this subunit, the co-
caine- and ΔFosB-mediated upregulation of GluA2 in 
nucleus accumbens could account, at least in part, for the 
reduced glutamatergic responses seen in these neurons af-
ter chronic drug exposure.23)

Another candidate target gene of ΔFosB in nucleus ac-
cumbens is the opioid peptide, dynorphin. Recall that ΔFosB 
appears to be induced by drugs of abuse specifically in dynor-
phin-producing cells in this brain region. Drugs of abuse have 
complex effects on dynorphin expression, with increases or 
decreases seen depending on the treatment conditions used. 
We have shown that induction of ΔFosB represses dynorphin 
gene expression in nucleus accumbens.19) Dynorphin is 
thought to activate қ opioid receptors on ventral tegment 
area (VTA) dopamine neurons and inhibit dopaminergic 
transmission and thereby downregulate reward mecha-
nisms.24,25) Hence, ΔFosB repression of dynorphin ex-
pression could contribute to the enhancement of reward 
mechanisms mediated by this transcription factor. There is 
now direct evidence supporting the involvement of dynor-
phin gene repression in ΔFosB’s behavioral phenotype.19)

Still additional target genes have been identified. ΔFosB 
represses the c-Fos gene which helps create the molecular 
switch - from induction of several short-lived Fos family 
proteins after acute drug exposure to the predominant ac-
cumulation of ΔFosB after chronic drug exposure - cited 
earlier.9) In contrast, cyclin-dependent kinase-5 (Cdk5) is 
induced in the nucleus accumbens by chronic cocaine, an 
effect that we have shown is mediated via ΔFosB.18,21,26) 
Cdk5 is an important target of ΔFosB since its expression 
has been directly linked to increases in dendritic spine 
density of nucleus accumbens medium spiny neurons,27,28) 
in the nucleus accumbens that are associated with chronic 
cocaine administration.29,30) Indeed, ΔFosB induction has 
been shown more recently to be both necessary and suffi-
cient for cocaine-induced dendritic spine growth.31)

More recently, we have used chromatin immunopre-
cipitation (ChIP) followed by promoter chip (ChIP-chip) 
or by deep sequencing (ChIP-seq) to further identify ΔFosB 
target genes.32) These studies, along with the DNA expression 
arrays cited earlier, are providing a rich list of many additional 
genes that may be targeted - directly or indirectly - by ΔFosB. 
Among these genes are additional neurotransmitter re-
ceptors, proteins involved in pre- and postsynaptic func-
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tion, many types of ion channels and intracellular signal-
ing proteins, proteins that regulate the neuronal cytoskele-
ton and cell growth, and numerous proteins that regulate 
chromatin structure.18,32) Further work is needed to confirm 
each of these numerous proteins as bona fide targets of co-
caine acting through ΔFosB and to establish the precise 
role that each protein plays in mediating the complex neu-
ral and behavioral aspects of cocaine action.

CREB

Cyclic AMP response element binding protein (CREB) 
is one of the most studied transcription factors in neuro-
science and has been implicated in diverse aspects of neu-
ral plasticity.33) It forms homodimers that can bind to genes 
at cyclic AMP response elements (CREs), but primarily 
activates transcription after it has been phosphorylated at 
Ser133 (by any of several protein kinases), which allows 
recruitment of CREB-binding protein (CBP) that then 
promotes transcription. The mechanism by which CREB 
activation represses the expression of certain genes is less 
well understood.

Both psychostimulants (cocaine and amphetamine) and 
opiates increase CREB activity, acutely and chronically - 
as measured by increased phospho-CREB (pCREB) or re-
porter gene activity in CRE-LacZ transgenic mice - in 
multiple brain regions, including the nucleus accumbens 
and dorsal striatum.34-36) The time course of this activation 
is very different from that exhibited by ΔFosB. As depicted in 
Fig. 2, CREB activation is highly transient in response to acute 
drug administration and reverts to normal levels within a day 
or two after withdrawal. In addition, CREB activation oc-
curs in both the dynorphin and enkephalin subtypes of me-
dium spiny neurons.34) In contrast to cocaine and opiates, 
CREB shows more complicated and varied responses to 
other drugs of abuse.4)

Experiments involving the inducible overexpression of 
CREB or a dominant negative mutant in bitransgenic mice 
or with viral vectors have shown that activation of CREB - in 
striking contrast to ΔFosB - in the nucleus accumbens de-
creases the rewarding effects of cocaine and of opiates as 
assessed in place conditioning assays.37,38) Nevertheless, 
CREB activation, like ΔFosB induction, promotes drug 
self-administration.39) Importantly, effects with dominant 
negative CREB have been validated with inducible kno-
ckdowns of endogenous CREB activity.39-41) It is interest-
ing that both transcription factors drive volitional drug in-
take; presumably ΔFosB does so via positive reinforce-
ment, whereas CREB induces this phenotype via negative 

reinforcement. The latter possibility is consistent with 
considerable evidence that CREB activity in this brain re-
gion causes a negative emotional state.34,42)

CREB activity has been directly linked to the functional 
activity of nucleus accumbens medium spiny neurons. 
CREB overexpression increases, whereas dominant-neg-
ative CREB decreases, the electrical excitability of me-
dium spiny neurons.43) Possible differences between dy-
norphin and enkephalin neurons have not yet been 
explored. The observation that viral-mediated overexpre-
ssion of a K+ channel subunit in the nucleus accumbens, 
which decreases medium spiny neuron excitability, en-
hances locomotor responses to cocaine suggests that 
CREB acts as a break on behavioral sensitization to co-
caine by upregulating neuron excitability.43)

Drugs of abuse activate CREB in several brain regions 
beyond the nucleus accumbens. One example is the ventral 
tegmental area, where chronic administration of cocaine or 
opiates activates CREB within dopaminergic and non-dop-
aminergic neurons. This effect seems to promote or attenu-
ate the rewarding responses of drugs of abuse depending on 
the subregion of the ventral tegmental area affected.

Numerous target genes for CREB have been identified, 
through both open-ended and candidate gene approaches, 
which mediate these and other effects on nucleus accumbens 
medium spiny neurons and the resulting CREB behavioral 
phenotype.18,32,36) Prominent examples include the opioid 
peptide dynorphin,37) which feeds back and suppresses 
dopaminergic signaling to the nucleus accumbens as stat-
ed earlier.24,25) Also implicated are certain glutamate re-
ceptor subunits, such as the GluA1 AMPA subunit and 
GluN2B NMDA subunit, as well as K+ and Na+ ion channel 
subunits, which together would be expected to control nu-
cleus accumbens cell excitability.43,44) BDNF is still anoth-
er target gene for CREB in nucleus accumbens, and it too 
is implicated in mediating the CREB behavioral phe-
notype.35) CREB induction also has been shown to con-
tribute to cocaine’s induction of dendritic spines on nu-
cleus accumbens medium spiny neurons.45)

CREB is just one of several related proteins that bind 
CREs and regulate transcription of target genes. Several 
products of the cyclic AMP response element modulator 
(CREM) gene regulate CRE-mediated transcription. Some 
of the products (e.g., CREM) are transcriptional activators, 
whereas others (e.g., ICER or inducible cyclic AMP re-
pressor) function as endogenous dominant negative 
antagonists. In addition, several activating transcription 
factors (ATFs) can influence gene expression in part by 
binding to CRE sites. Recent studies have implicated 
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these various transcription factors in drug responses. 
Amphetamine induces ICER expression in nucleus ac-
cumbens, and overexpression of ICER in this region, by 
use of viral-mediated gene transfer, increases an animal’s 
sensitivity to the behavioral effects of the drug.46) This is 
consistent with findings, cited above, that local over-
expression of dominant negative CREB mutants or local 
knockdown of CREB exerts similar effects. Ampheta-
mine also induces ATF2, ATF3, and ATF4 in nucleus ac-
cumbens, while no effect is seen for ATF1 or CREM.47) 
ATF2 overexpression in this region, like that of ICER, in-
creases behavioral responses to amphetamine, while ATF3 
or ATF4 overexpression has the opposite effect. Very little 
is known about the target genes for these various CREB 
family proteins, an important direction for future research.

NFκB

Nuclear factor-κB (NFκB), a transcription factor that 
is rapidly activated by diverse stimuli, is best studied for 
its role in inflammation and immune responses. It has more 
recently been shown to be important in synaptic plasticity 
and memory.48) NFκB is induced in the nucleus ac-
cumbens by repeated cocaine administration,49,50) where it 
is required for cocaine’s induction of dendritic spines of 
nucleus accumbens medium spiny neurons. Such in-
duction of NFκB contributes to sensitization to the re-
warding effects of the drug.50) A major goal of current re-
search is to identify the target genes through which NFκB 
causes this cellular and behavioral plasticity.

Interestingly, cocaine induction of NFκB is mediated 
via ΔFosB：ΔFosB overexpression in nucleus accum-
bens induces NFκB, while overexpression of the ΔcJun 
dominant negative blocks cocaine induction of the tran-
scription factor.21,49) Regulation of NFκB by ΔFosB il-
lustrates the complex transcriptional cascades involved in 
drug action. As well, NFκB has been implicated in some 
of the neurotoxic effects of methamphetamine in striatal 
regions.51) The role of NFκB in medium spiny neuron 
spinogenesis has recently been extended to stress and de-
pression models,52) a finding of particular importance con-
sidering the comorbidity of depression and addiction, and 
the well-studied phenomenon of stress-induced relapse to 
drug abuse.

MEF2

Myocyte enhancing factor-2 (MEF2) was discovered 
for its role in controlling cardiac myogenesis. More re-

cently, MEF2 has been implicated in brain function.53) 
Multiple MEF2 isoforms are expressed in brain, including 
in nucleus accumbens medium spiny neurons, where they 
form homo- and heterodimers that can activate or repress 
gene transcription depending on the nature of the proteins 
they recruit. Recent work outlines a possible mechanism 
by which chronic cocaine suppresses MEF2 activity in the nu-
cleus accumbens in part through a D1 receptor-cAMP-depend-
ent inhibition of calcineurin, a Ca2+-dependent protein pho-
sphatase.28) Cocaine regulation of Cdk5, which is also a target 
for cocaine and ΔFosB as stated earlier, may be involved as 
well. This reduction in MEF2 activity is required for cocaine 
induction of dendritic spines on medium spiny neurons. An 
important focus of current work is to identify the target genes 
through MEF2 produces this effect.

FUTURE DIRECTIONS

The transcription factors discussed above are just a few 
of many that have been studied over the years in addiction 
models. Others implicated in addiction include the gluco-
corticoid receptor, nucleus accumbens 1 transcription fac-
tor (NAC1), early growth response factors (EGRs), and sig-
nal transducers and activators of transcription (STATs).1,2) 
As just one example, the glucocorticoid receptor is re-
quired in dopaminoceptive neurons for cocaine seeking.54) 
The goal of future research is to obtain a more complete 
view of the transcription factors induced in nucleus ac-
cumbens and other brain reward regions in response to 
chronic exposure to drugs of abuse and to define the range 
of target genes they influence to contribute to the behav-
ioral phenotype of addiction.

The other major goal of future research is to delineate 
the precise molecular steps by which these various tran-
scription factors regulate their target genes. Thus, we now 
know that transcription factors control gene expression by 
recruiting to their target genes a series of co-activator or 
co-repressor proteins which together regulate the struc-
ture of chromatin around the genes and the subsequent re-
cruitment of the RNA polymerase II complex which cata-
lyzes transcription.4) For example, recent research has 
demonstrated that the ability of ΔFosB to induce the cdk5 
gene occurs in concert with the recruitment of a histone 
acetyltransferase and related chromatin remodeling pro-
teins to the gene.55) In contrast, the ability of ΔFosB to re-
press the c-Fos gene occurs in concert with the recruitment 
of a histone deacetylase and presumably several other re-
pressive proteins such as a repressive histone methyl-
transferase (Fig. 3).2,9,31) Given that hundreds of chroma-



142 E.J. Nestler

Fig. 3. Epigenetic mechanisms of ΔFosB action. The figure illustrates 

the very different consequences when ΔFosB binds to a gene that 

it activates (e.g., Cdk5) versus represses (e.g., c-Fos). At the Cdk5 

promoter (A), ΔFosB recruits histone acetyltransferases (HAT) and 

chromatin remodeling proteins (e.g., SWI-SNF factors), which 

promote gene activation. There is also evidence for exclusion of 

histone deacetylases (HDAC). In contrast, at the c-Fos promoter 

(B), ΔFosB recruits HDACs as well as histone methytransferases 

(HMT), which repress gene expression. A, P, and M depict histone 

acetylation, phosphorylation, and methylation, respectively.

tin regulatory proteins are likely recruited to a gene in con-
cert with its activation or repression, this work is just the 
tip of the iceberg of vast amounts of information that need 
to be discovered in the years ahead.

As progress is made in identifying target genes for 
drug-regulated transcription factors, this information will 
provide an increasingly complete template that can be 
used to guide drug discovery efforts. It is hoped that new 
medication treatments will be developed based on these 
dramatic advances in our understanding of transcription 
mechanisms that underlie addiction.
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